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REPORT ON FEASIBILITY STUDY 

OF LIQUID-METAL SWITCH 

SUMMARY 

This i s  the  f i n a l  report  of t h e  f e a s i b i l i t y  stud; of the  
l iquid-metal switch. The report d iscusses  t h e  theory and 
pr inc ip le s  of operation of a l iquid-metal s w i t c h .  Factors 
inf luencing  the s e l e c t i o n  of the  l iqu id  m e t a l  and several  
physical  configurations are presented. Experimental r e s u l t s  
for one part icular  configuration are included. 

i v  



INTRODUCTION 

With t h e  space  program provid ing  t h e  m o s t  immediate s t imu lus  , 
a v a r i e t y  of unconvent ional  means for t h e  gene ra t ion  and process-  
i n g  of e lectr ical  energy are under development ( 1 , 2 ) *  Many of 
these newer means f o r  t h e  gene ra t ion  of electrical  energy are in -  
tended e i t h e r  f o r  t h e  u t i l i z a t i o n  of h e a t  or l i g h t  f r o m  t h e  sun or 
the  u t i l i z a t i o n  of h e a t  from a n u c l e a r  source  of primary energy. 
It is  i n t e r e s t i n g  t h a t  almost a l l  of t h e  methods now under  develop- 
ment for  the  gene ra t ion  of e l ec t r i ca l  energy are characterized by 
a d i r e c t - c u r r e n t  ou tput ,  
t he rmion ic  conve r t e r s  , solar  cel ls ,  and f u e l  cells ,  

Examples inc lude  thermoelectric c o n v e r t e r s  , 

Though these devices  d i f f e r  i n  many r e s p e c t s ,  t h e y  s h a r e  one 
impor tan t  common c h a r a c t e r i s t i c :  they provide  a d i r e c t - c u r r e n t  
o u t p u t  a t  a very low vo l t age  l e v e l ,  Thus, i f  these sources  are t o  
be used t o  provide  power t o  a d-c t o  a-c i n v e r t e r  or a d-c t o  d-c 
c o n v e r t e r ,  e i ther  enough of the low v o l t a g e  g e n e r a t o r s  must be 
connected i n  series so t h a t  t h e  i n p u t  vo l t age  t o  t h e  power-condi- 
t i o n i n g  u n i t  may be raised t o  a l e v e l  which w i l l  enab le  t h e  u n i t  
t o  perform e f f i c i e n t l y ,  or t h e  conve r t e r  or i n v e r t e r  must be capa- 
b l e  of  e f f i c i e n t  performance w i t h  a very low-voltage h igh-cur ren t  
i npu t .  The l a t t e r  a l t e r n a t i v e ,  minimizing t h e  number of g e n e r a t o r s  
connected i n  series, i s  q u i t e  o f t en  more a t t r a c t i v e  from t h e  view- 
p o i n t  of r e l i a b i l i t y .  

I t  i s  l a r g e l y  the  l i m i t a t i o n s  imposed by t h e  s a t u r a t e d  vo l t age  
drop of a v a i l a b l e  swi t ch ing  elements t h a t  e s t a b l i s h  t h e  lowest 
p r a c t i c a l  input -vol tage  l e v e l  a t  which conve r t e r s  may be opera ted .  
A number of s t a t i c  swi tch ing  e l e m e n t s  have been cons idered  fo r  t h i s  
purpose ( 3 )  , S p e c i a l  h igh-cur ren t  t u n n e l  diodes are p r e s e n t l y  
be ing  given p a r t i c u l a r  a t t e n t i o n  for t h i s  purpose,  and cons ide rab le  
work has  been done by Marzolf (4) and Hanrahan (5) of t h e  U,  S. 
Naval Research Laboratory and by Storm and Shatuck ( 6 )  of t h e  General 
Electric Company,, The main advantages of these i n v e r t e r s  appear  
t o  be t h e i r  s i m p l i c i t y  and the fact  t h a t  t h e  use of t u n n e l  d iodes  
allows t h e  i n v e r t e r s  t o  be operated a t  h igh  f r equenc ie s .  I n v e r t e r s  
u s ing  t u n n e l  d iodes ,  however, are s u b j e c t  t o  some r a t h e r  s e v e r e  
e f f i c i e n c y  l i m i t a t i o n s  because of the  l i m i t a t i o n s  which are inher -  
e n t  i n  t h e  characteristics of p r e s e n t l y  a v a i l a b l e  h igh-cur ren t  
t u n n e l  d iodes  themselves ( 7 ) .  On a comparative b a s i s  between pre- 
s e n t l y  a v a i l a b l e  swi t ch ing  elements , transistors appear  t o  show 
t h e  most promise ( 8)  S e v e r a l  t r a n s i s t o r  manufacturers have r e c e n t l y  
developed s p e c i a l  t r a n s i s t o r s  w i t h  t h i s  a p p l i c a t i o n  i n  mind. 

However, semiconductor swi tch ing  elements  having,  t y p i c a l l y  , 
carriers/cm3 obviously are a t  a cons ide rab le  1 9  on the  o r d e r  of 1 0  

disadvantage when c o n t r a s t e d  t o  e lec t romechanica l  swi t ches  i n  
which t h e  c u r r e n t  pa th  i s  composed e n t i r e l y  of metal having  on the 



3 o r d e r  of carriers/cm . Sole ly  from t h e  e f f i c i e n c y  viewpoint ,  
an exce lLent  cho ice  f o r  t h e  swi tch ing  element  for use i n  a l o w  
v o l t a g e  c o n v e r t e r  would appear  t o  be an e lec t romechan ica l  v i b r a t o r  
s imi la r  t o  t h o s e  long  i n  use i n  automobile r a d i o s ,  etc. i n  which a 
metal-to-metal c o n t a c t  i s  a l t e r n a t e l y  opened and c l o s e d ,  t h u s  
making p o s s i b l e  q u i t e  e f f i c i e n t  low-voltage , high-cur ren t  swi tch ing ,  
However, t h e  s t r enuous  r e l i a b i l i t y  requi rements  necessa ry  f o r  space- 
craft  usage have l a r g e l y  prec luded  t h e  c o n s i d e r a t i o n  of any of t h e  
p r e s e n t l y  a v a i l a b l e  t y p e s  of e lec t romechanica l ,  all-metallic switch- 
i n g  elements.  

LIQUID-METAL SWITCH 

On p o s s i b i l i t y  fo r  a t t a i n i n g  high r e l i a b i l i t y  i n  a swi t ch  
i n  which t h e  conduct ing p a t h  i s  completely metallic i s  t o  use a 
l i q u i d  m e t a l  as t h e  only p h y s i c a l l y  moving macroscopic e lement  of 
t h e  swi t ch  and t o  u t i l i z e  s o m e  phenomenon t o  cause t h e  d e s i r e d  
movement of t h e  l i q u i d  wi thout  dependence upon g r a v i t a t i o n a l  o r  
i n e r t i a l  forces. Though such a switch would n o t  be l'static'l i n  
t h e  s t r ic tes t  sense  of t h e  word, it would n o t  depend for  i t s  
o p e r a t i o n  on mechanical movements of t h e  swi t ch  capsu le  o r  i t s  
s u p p o r t i n g  members. 

A t  least  two modes of approaching t h e  des ign  of a l i q u i d -  
metal swi t ch  have been sugges ted  and s tud ied .  One such s tudy  
( 9 )  w a s  undertaken under A i r  Force sponsorsh ip  by t h e  Energy 
Conversion Group, Research Laboratory of E l e c t r o n i c s ,  Massachu- 
setts  I n s t i t u t e  of Technology. The approach used by t h i s  group 
depends on t h e  p e r i o d i c  i n t e r r u p t i o n  of a c o n s t r i c t e d  column of 
mercury caused both  by h e a t i n g ,  r e s u l t i n g  f r o m  a l o c a l i z e d  r eg ion  
of  very  h igh  c u r r e n t  d e n s i t y ,  and the 'magne t i c  p inch  effect .  While 
an ope rab le  l a b o r a t o r y  model of such a swi t ch ing  device  w a s  demon- 
s t r a t e d  by t h i s  group , t h e i r  i n v e s t i g a t i o n  w a s  o r i e n t e d  p r i m a r i l y  
toward a c o n s i d e r a t i o n  of t h e  phys ica l  phenomena involved  and d i d  
n o t  focus  much a t t e n t i o n  on t h e  u l t i m a t e l y  c r i t i ca l  c o n s i d e r a t i o n s  
of u s e f u l  l i f e  time, r e l i a b i l i t y ,  e f f i c i e n c y ,  c o s t ,  and t h e  s i z e /  
weight and e f f i c i e n c y  of compatible c i r c u i t  c o n f i g u r a t i o n s  us ing  
t h i s  swi tch .  

Another approach t o  t h e  design of a l iqu id -me ta l  swi t ch ,  
u s i n g  d i f f e r e n t  phenomena, w a s  undertaken a t  Duke Un ive r s i ty .  
E lec t romagnet ic  forces r a t h e r  t han  forces of the rma l  o r i g i n  are 
used t o  cause t h e  opening and c l o s i n g  of t h e  swi t ch  con tac t s .  
One embodiment of such a swi t ch  w a s  d e s c r i b e d  i n  NASA p a t e n t  
d i s c l o s u r e  No. 487 which w a s  submit ted t o  NASA June 2 9 ,  1962. 
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Since  t h a t  d a t e ,  a d d i t i o n a l  work has been done t o  determine t h e  
f e a s i b i l i t y  of t h i s  dev ice ,  and t h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  
of t h i s  work and g ives  t h e  conclusions which have been reached.  

The problems involved  i n  t h e  i n v e s t i g a t i o n  of a l i qu id -me ta l  
switch can be d iv ided  i n t o  t w o  q u i t e  s e p a r a t e  c a t e g o r i e s :  

1) The problems of the conception and the  des ign  of an 
operab le  switching d e v i c e  s u i t a b l e  fo r  use  in a con- 
v e r t e r  and i n c l u d i n g  thermal  , i n e r t i a l ,  e f f i c i e n c y ,  
s ize ,  weight ,  and r e l i a b i l i t y  c o n s i d e r a t i o n s ,  and 

2) The materials problems which become involved when it 
becomes necessa ry  t o  c o n s t r u c t  a r e l i a b l e  , high-per- 
formance switch.  

The l a t t e r  ca tegory  of problems r e q u i r e s  q u i t e  a d i f f e r e n t  pro- 
gram of s tudy  t h a n  does t h e  f irst  and, i n  a d d i t i o n ,  r e q u i r e s  a 
cons ide rab le  amount of s p e c i a l i z e d  and c o s t l y  equipment. 

The scope of t h i s  i n v e s t i g a t i o n  a t  D u k e  w a s  i n t e n t i o n a l l y  
r e s t r i c t e d  t o  c o n s i d e r a t i o n s  i n  the  first ca tegory  l i s t e d  above 
w i t h  t he  o b j e c t i v e  of developing s e v e r a l  l a b o r a t o r y  v e r s i o n s  of 
t h e  l iqu id-meta l  switch and of e v a l u a t i n g  the p o t e n t i a l  u t i l i t y  of 
such dev ices  wi thout  expend i tu re s  f o r  h i g h l y  s p e c i a l i z e d  equipment 
t o  d e a l  w i t h  t h e  materials problems. The s e v e r a l  l a b o r a t o r y  models 
which w e r e  c o n s t r u c t e d  and s t u d i e d  w e r e  i n t ended  t o  provide  addi- 
t i o n a l  i n s i g h t  i n t o  v a r i o u s  phenomena and t o  provide proof of 
p r i n c i p l e .  They were c o n s t r u c t e d  of  r e a d i l y  a v a i l a b l e  commercial- 
grade materials and ope ra t ed  i n  t h e  oxygen of t h e  atmosphere,  i.e. , 
opera t ed  wi thout  any s p e c i a l  p recau t ions  such as c o n t r o l l e d  atmos- 
phe res ,  component bake-out a t  h igh  t empera tu re ,  or herme t i c  seal- 
ing.  

Des i r ab le  Low-Voltage Switch Characteristics 

Any e lec t r ica l  system for provid ing  e i ther  d-c t o  a-c 
i n v e r s i o n  o r  d-c t o  d-c convers ion ,  th rough t h e  use  of osc i l la -  
t o r y  phenomena, must i nvo lve  one o r  more a c t i v e  e lements ,  o f t e n  
referred t o  as swi t ch ing  elements  (10) .  Conversely,  given any 
element  which can be made t o  perform as a swi t ch ,  an electrical 
i n v e r s i o n  or conversion network which w i l l  u t i l i z e  t h i s  e lement  
can u s u a l l y  be designed. Whether o r  n o t  the  r e s u l t i n g  system 
can t r u l y  be made p r a c t i c a l  f o r  i nve r s ion  or conversion depends 
l a r g e l y  on t h e  l i m i t a t i o n s  imposed by t h e  swi t ch ing  element.  

3 



Genera l ly  speaking,  the fol lowing characterist ics are t h o s e  
of primary concern i n  determining t h e  use fu lness  of a g iven  type  
of swi t ch ing  element f o r  s t a t i c  power conversion:  

Curren t -car ry ing  capac i ty  i n  t h e  conduct ing s ta te  
Forward v o l t a g e  drop i n  t h e  conduct ing s ta te  
Voltage-blocking a b i l i t y  i n  t h e  non-conducting s t a t e  
Leakage c u r r e n t  i n  t h e  non-conducting s ta te  
Temperature l i m i t a t i o n s  
L i f e  t i m e  and r e l i a b i l i t y  
Frequency l i m i t a t i o n s ,  i n c l u d i n g  l i m i t a t i o n s  on c y c l i c  
rates of ope ra t ion  and l i m i t a t i o n s  on speed of  t r a n s i -  
t i o n  f r o m  "ontt t o  "offtr  s ta te  and v ice-versa  
Manner of on /o f f  c o n t r o l  and t h e  power ga in  provided by 
t h e  element 
Other  c h a r a c t e r i s t i c s ,  sometimes made e s p e c i a l l y  impor- 
t a n t  by p a r t i c u l a r  a p p l i c a t i o n s ,  i n c l u d i n g  (a )  r a d i a t i o n  
tolerance, ( b )  s i ze /we igh t ,  and (c )  cost .  

When t h e  power source t o  a conve r t e r  i s  t o  be c h a r a c t e r i z e d  
by a very l o w  d i r e c t - v o l t a g e ,  correspondingly h igh  c u r r e n t s  are 
impl ied  f o r  t h e  achievement of a given power l e v e l .  Thus, charac- 
ter is t ics  (1) and (2) above become p a r t i c u l a r l y  s i g n i f i c a n t  i n  
l o w  v o l t a g e  a p p l i c a t i o n s .  The primary purpose of t h e  l i qu id -me ta l  
swi t ch  i n v e s t i g a t i o n  has  been t o  s tudy one p o s s i b i l i t y  f o r  t h e  
development of a swi t ch ing  element which can be made t o  have a ve ry  
h igh  c u r r e n t - c a r r y i n g  c a p a b i l i t y  i n  t h e  conduct ing s t a t e  w i t h  a 
s u i t a b l y  low forward vo l t age  drop and which w i l l  have u t i l i t y  i n  
low-input-voltage power conversion equipment N o t  only would such 
a swi t ch ing  element f i n d  uses  i n  t h e  space  program where cons ider -  
a b l e  a t t e n t i o n  i s  a l r e a d y  focused on sources of e l ec t r i ca l  energy 
c h a r a c t e r i z e d  by low-voltage d i r e c t - c u r r e n t  o u t p u t s  bu t  it might 
w e l l  f i n d  i n d u s t r i a l  and consumer a p p l i c a t i o n s  i n  t h e  f u t u r e  as 
f u e l  cells begin t o  become economically f e a s i b l e  commercial power 
sou rces  , 

P r i n c i p l e s  Used i n  t h e  Liquid-Metal Switch 

The e l e c t r i c a l l y  c o n t r o l l e d  l i q u i d  swi t ch  o p e r a t e s  on t h e  
p r i n c i p l e  t h a t  a c u r r e n t - c a r r y i n g  conductor expe r i ences  a f o r c e  
i n  a magnet ic  f i e l d ,  This  f o r c e ,  as exper ienced  by a n  e lectr ical  
charge q moving wi th  v e l o c i t y  v i n  a magnet ic  f i e l d  B ,  can be 
expres sed  by t h e  v e c t o r  r e l a t i o n s h i p  



F o r  example, if i n  F igure  1, c u r r e n t  i s  f lowing  i n  t h e  conductor  
i n  t h e  6irecti.m cf the arrow i the cmducts_r lies i n  a magnet ic  
f i e l d  whose d i r e c t i o n  is i n d i c a t e d  by t h e  arrow B ,  g force w i l l  
act  on t h e  conductor  i n  t h e  d i r e c t i o n  of t h e  arrow F whose d i r e c t i o n  
i s  p e r p e n d i c u l a r  t o  both  t h e  c u r r e n t  and t h e  magnetic f i e l d .  If 
t h e  d i r e c t i o n  of t h e  c u r r e n t  were r eve r sed ,  t h e  d i r e c t i o n  of t h e  
force would a lso be reversed .  

ci 

( I I r  - 
1 

Mercury Sphe 

n e t i c  F i e l d  

- 
- 
7 

Mercury Sphe 

V 

F igure  1 - The Field-Force R e l a t i o n s h i p s  Within 
The Liquid Metal Switch 

I n  t h e  t y p e s  of swi t ch ing  elements  h e r e i n  d e s c r i b e d ,  c u r r e n t  
f lowing  i n  mercury i n  t h e  presence  of  a magnet ic  f i e l d  causes  a 
force t o  be  e x e r t e d  on t h e  mercury and t h i s  force causes  a move- 
ment of t h e  mercury w i t h i n  t h e  switch c a v i t y .  
i s  on o r  off  a t  a g iven  moment i s  determined by t h e  l o c a t i o n  of t h e  
mercury w i t h  r e s p e c t  t o  c o n t a c t  s u r f a c e s  w i t h i n  t h e  swi t ch  c a v i t y .  
A g r e a t  many c a v i t y  shapes and con tac t  s u r f a c e  c o n f i g u r a t i o n s  are 
p o s s i b l e .  Various geometr ic  c o n f i g u r a t i o n s  and r e s t o r i n g  f o r c e s  
are used t o  g ive  "on-off" ope ra t ion .  

Whether t h e  swi t ch  

5 



The swi tches  which were considered dur ing  t h i s  work can be 
d iv ided  i n t o  t h r e e  g e n e r a l  classes accord ing  t o  t h e  manner i n  which 
t h e  swi t ch ing  a c t i o n  i s  caused t o  occur.  

1) I n  class one,  t h e  swi t ch  i s  designed such t h a t  
c u r r e n t  f lowing through t h e  l i q u i d  between a p a i r  
of c o n t a c t s  g ives  r ise  t o  an e lec t romagne t i c  f o r c e  
which causes  t h e  l i q u i d  metal t o  move such as t o  
break t h e  c i r c u i t  between t h e  p a i r  of con tac t s .  
As no c u r r e n t  f lows ,  t h i s  force becomes zero.  The 
l i q u i d  m e t a l  i s  then  r e s t o r e d  t o  i t s  o r i g i n a l  
p o s i t i o n  by t h e  s u r f a c e  t e n s i o n  of  t h e  l i q u i d  o r  
o t h e r  non-electromagnetic forces and t h e  c o n t i n u i t y  
of t h e  c i r c u i t  between t h e  e l e c t r o d e s  i s  re- 
est ab l i s h e  d * 

2) I n  class two, e l ec t romagne t i c  f o r c e s  are used  t o  
c o n t r o l  t h e  movements of the l i q u i d  metal i n  bo th  
d i r e c t i o n s .  I n  t h i s  class, t h e  "con t ro l "  c o n t a c t s  , 
whose purpose i s  related p r i m a r i l y  t o  c o n t r o l l i n g  
the  movements of t h e  l i q u i d ,  and t h e  f ' s w i t C h "  contacts, 
whose purpose i s  related t o  opening and c l o s i n g  a 
conduct ive p a t h  i n  an e x t e r n a l  c i r c u i t  such as a 
c o n v e r t e r  c i r c u i t ,  may be t h e  same c o n t a c t s  o r  
s e p a r a t e  p a i r s  of con tac t s  may be provided f o r  each  
func t ion .  
I n  t h e  t h i r d  class of swi tch ,  t h e  l i q u i d  metal is 
n o t  caused t o  move back and fo r th  i n  a s t r a i g h t  
p a t h  b u t ,  i n s t e a d ,  i s  dr iven  cont inuous ly  around 
a s h o r t ,  c lo sed  path.  This p a t h  may be c i r c u l a r .  
o r  may have any of a v a r i e t y  of o t h e r  c o n f i g u r a t i o n s  
depending on t h e  des ign  of t h e  p a r t i c u l a r  switch.  
This  approach t o  t h e  design of a l i q u i d  swi tch  appears  
t o  have c e r t a i n  advantages n o t  i n h e r e n t  i n  t h e  swi t ches  
of class one and class two. F igure  2 ,  3 ,  and 5 d e p i c t  
swi tches  of t h i s  so-ca l led  r ace - t r ack  c o n f i g u r a t i o n  , 
and t h e s e  c o n f i g u r a t i o n s  a r e  d i scussed  i n  more d e t a i l  
i n  a l a t e r  s e c t i o n .  

3 )  

The n a t u r e  of t h e  o p e r a t i o n  of a l l  t h r e e  of t h e s e  classes of 
swi tches  i s  such t h a t  a l i q u i d  metal wi th  a h igh  s u r f a c e  t e n s i o n  
is d e s i r a b l e .  Mercury w a s  used i n  a l l  of t h e s e  experiments .  The 
h igh  s u r f a c e  t e n s i o n  and h igh  conduc t iv i ty  of mercury make it an 
e x c e l l e n t  choice i n  t h e s e  t w o  r e s p e c t s  e 

Commonly t h e  amount o f  l i q u i d  metal wi th in  a swi t ch  c a v i t y  
i s  k e p t  q u i t e  s m a l l ,  e , g .  an  amount e q u i v a l e n t  t o  a sphere  of 
about  1 / 8  - i nch  diameter .  Because of i t s  h igh  s u r f a c e  t e n s i o n  
mercury g lobu les  of t h i s  s i z e  t end  t o  assume a n e a r l y  s p h e r i c a l  
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shape .even under t h e  f o r c e s  of g rav i ty .  These c h a r a c t e r i s t i c s  
become even more pronounced as t h e  amount of l i q u i d  is  made less. 

t h a t  t h e y  are n o t  r e q u i r e d  t o  block v o l t a g e s  exceeding t h e  i o n i -  
z a t i o n  p o t e n t i a l  of t h e  l iqu id-meta l  used ( 1 0 . 6  v o l t s  i n  t h e  case 
of mercury).  S ince  movement of  mass on a macroscopic scale is 
i n h e r e n t l y  involved ,  such swi tches ,  though a c t u a t e d  by electro- 
magnet ic  forces, w i l l  unavoidably have some s e n s i t i v i t y  t o  g rav i -  
t a t i o n a l  and i n e r t i a l  forces, a l though i t  should  be p o s s i b l e  t o  
minimize such s e n s i t i v i t y  t o  t h e  po in t  t h a t  a very wide range of 
uses  would be f e a s i b l e ,  

These swi tches  are used in low-input-voltage circuits such 

S e l e c t i o n  of  t h e  Liquid Metal 

The c h a r a c t e r i s t i c s  of mercury and c e r t a i n  mercury a l l o y s  are 
compatible  wi th  t h e  requi rements  of t h e  l i q u i d  metal used i n  t h e s e  
swi tches .  Largely due t o  i t s  a v a i l a b i l i t y ,  mercury w a s  used for 
a l l  of t h e  test swi tches  b u i l t  dur ing  t h i s  s tudy .  A t  a tmospheric  
p r e s s u r e  mercury i s  a l i q u i d  over  a range of approximately 400OC 
wi th  a b o i l i n g  p o i n t  o f  356OC and a me l t ing  p o i n t  of -39OC. Impor- 
t an t  p h y s i c a l  c o n s t a n t s  of mercury are l i s t e d  i n  Table  I. 

TABLE I 
CHARACTERISTICS OF MERCURY 

~~~ ~- 

C h a r a c t e r i s t i c  

A t o m i c  Number 
A t o m i c  Weight 
Valence 
Mel t ing  P o i n t  
B o i l i n g  P o i n t  

S p e c i f i c  Gravi ty  
S p e c i f i c  H e a t  

Su r face  Tension 

I o n i z a t i o n  P o t e n t i a l  
R e s i s t i v i t y  

C o e f f i c i e n t  of 
R e s  i s t  i v i t  y 

Numerical Value 

80 
2 0 0 . 6 1  

1, 2 
-38.87OC 
365.58OC 

13.546 gm/c.c. 
0 .032  - 0.033 cal/gm 
480.3 dynes/cm 
487 dynes/cm 
10.39 v o l t s  
94 .07  ~ f z  - c m  
98.50 
103.25 " 

114.27 tt 
113,s  11 

tt 

0 . 0 0 0  89 

Remarks 

sea l e v e l  
sea l e v e l  

2 O 0 C  

l i q u i d  
ooc 
1 5 O C  

ooc 
5OoC 
l 0 O 0 C  
2 O O O C  
35OOC 

200c 



The mutual molecular  a t t r a c t i o n  between mercury and non- 
metall ic and c e r t a i n  metall ic materials i s  s m a l l ,  and consequent ly  
mercury does n o t  w e t  t h e s e  m a t e r i a l s  b u t  forms a convex meniscus 
wi th  a c o n t a c t  angle  of 1 4 0  degrees. 
used i n  each  swi tch  design. S u i t a b l e  e l e c t r o d e  materials are 
t u n g s t e n ,  molybdenum, plat inum and i r o n  o r  i r o n  a l l o y s .  Pyrex 
glass and t e f l o n  were used as t h e  nonconducting p o r t i o n s  of t h e  
capsu le  c o n s t r u c t i o n .  Teflon was used mainly because of ease 
i n  f a b r i c a t i o n .  
movement of t h e  mercury. 

Non-wetting e l e c t r o d e s  were 

U s e  of pyrex g l a s s  a l lowed obse rva t ion  of t h e  

A s  i n  any a c t i v e  metal, mercury has  a tendency t o  form an 
ox ide ,  p a r t i c u l a r l y  i n  t h e  presence of an e lec t r ica l  arc. This 
ox ide  forms on t h e  s u r f a c e  of  t h e  l i q u i d ,  caus ing  t h e  normal mirror- 
l i k e  s u r f a c e  t o  be r ep laced  by a g rey i sh  wr inkled  sk in .  
c o a t i n g  i n c r e a s e s  t h e  con tac t  r e s i s t a n c e  of t h e  mercury, causes  
t h e  mercury t o  t e n d  t o  s t i c k  t o  t h e  e l e c t r o d e s  and c a p s u l e ,  and 
may p r e v e n t  t h e  mercury from remaining a s i n g l e  globule .  Under 
t h e s e  c o n d i t i o n s  s m a l l  b a l l s  of mercury are o f t e n  observed on 
t h e  s u r f a c e  of t h e  l a r g e r  g lobule .  This  p r e v e n t s  t h e  p rope r  
f u n c t i o n i n g  of t h e  switch.  

This  

VERI F I  CAT1 ON OF CONCEPTS EXPERIMENTAL RESULTS 

A s  mentioned p r e v i o u s l y ,  t h e  p o s s i b l e  c o n f i g u r a t i o n s  of 
t h e  l i qu id -me ta l  swi tch  which were consideped can be subdiv ided  
i n t o  t h r e e  classes accord ing  t o  t h e  n a t u r e  of t h e  forces which 
are u t i l i z e d  t o  cause t h e  c y c l i c  displacements  of  t h e  mercury 
d r o p l e t  w i t h i n  t h e  swi t ch  c a v i t y  and accord ing  t o  t h e  manner i n  
which t h e s e  displacements  cause the  i n t e r r u p t i o n  and completion 
of t h e  main c u r r e n t  p a t h  through the  switch.  B r i e f l y ,  t h e s e  t h r e e  
g e n e r a l  classes are: (1) Class one, i n  which an e l e c t r o m a g n e t i c  
f o r c e  r e s u l t i n g  from c u r r e n t  f lowing through t h e  mercury d r o p l e t  
causes  t h e  movements of t h e  d r o p l e t  which open t h e  swi tch ,  and i n  
which t h e  r e s t o r i n g  forces which r e t u r n  t he  d r o p l e t  t o  i t s  o r i g i -  
n a l  p o s i t i o n  so as t o  aga in  e s t a b l i s h  a c u r r e n t  p a t h  through t h e  
swi tch  are non-electromagnet ic  i n  n a t u r e  and might depend upon , 
for  example, t h e  s u r f a c e  t e n s i o n  of t h e  d r o p l e t  i t s e l f ,  ( 2 )  Class 
two, i n  which both  t h e  forces which cause  t h e  o r i g i n a l  d i s p l a c e -  
ment and t h e  r e s t o r i n g  forces are e l ec t romagne t i c  forces, and ( 3 )  
Class t h r e e  i n  which t h e  mercury d r o p l e t  i s  n o t  c y c l i c a l l y  d i s -  
p l aced  back and f o r t h  i n  a s t r a i g h t  p a t h  b u t  i s  d r i v e n  cont inu-  
ous ly  around a s h o r t  c l o s e d  p a t h  such as a c i rc le  o r  ova l .  

Although t h e  p h y s i c a l  c o n f i g u r a t i o n s  of t h e s e  e l e c t r i c a l l y  
d r iven  l i q u i d  swi t ches  are t y p i c a l l y  q u i t e  s imple ,  a n a l y t i c a l  
t r ea tmen t  and p r e d i c t i o n s  of t h e i r  behavior  are q u i t e  d i f f i c u l t .  
Reasons fo r  t h i s  become apparent  when one observes  t h e  c y c l i c  
movement of t h e  d r o p l e t  of a working model w i t h  a high-frequency 
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s t r o b o t a c ,  The o v e r a l l  movements of t h e  mercury d r o p l e t  are 
seen  t o  invo lve  many complex superimposed motions. Resonance 
phenomena, t u rbu lence  s u r f a c e  t e n s i o n ,  c a v i t y  geometry, t h e  
magnitude of t h e  displacement f o r c e s ,  etc. each c o n t r i b u t e  i n  
manners which are d i f f i c u l t  t o  d e f i n e  q u a n t i t a t i v e l y  and which 
are h i g h l y  n o n l i n e a r  i n  t h e i r  e f f ec t s ,  Thus, it w a s  cons ider -  
a b l y  easier , i n  t h i s  l i m i t e d  f e a s i b i l i t y  s t u d y ,  t o  a t tempt  t o  
a q u i r e  meaningful  d a t a  concerning opt  h u m  o p e r a t i v e  f r e q u e n c i e s ,  
d r i v i n g  power requi rements ,  effects of v a r i o u s  geometr ies  , etc .  
through t h e  c o n s t r u c t i o n  and mod i f i ca t ion  of expe r imen ta l  models 
r a t h e r  t han  through complex techniques  of  mathematical  a n a l y s i s  
i n v o l v i n g ,  a t  b e s t ,  many rough approximations.  

N o  t r u l y  h igh-cur ren t  swi tch ing  e lements  w e r e  c o n s t r u c t e d ;  
most of  t h e  exper imenta t ion  w a s  done i n  t h e  1-5 ampere range. 
The n e c e s s a r y  magnet ic  f i e l d  w a s  provided by a permanent magnet 
w i t h  a f i e l d  of approximately 2 , 0 0 0  gauss.  Commercial grade 
(0.005 % p u r i t y )  mercury w a s  used and a l l  t e s t i n g  w a s  done i n  an 
a i r  atmosphere,  and, t h e r e f o r e ,  each t e s t  w a s  l i m i t e d  i n  time 
d u r a t i o n  by o x i d a t i o n  of t h e  mercury. 

though only  r a t h e r  c rude  models were b u i l t .  Th i s  w a s  p r i n c i p a l l y  
because of t h e  s m a l l  p h y s i c a l  geometrics involved  and t h e  necessar -  
i l y  minute dimensional  tolerances . 
a t t empt  w a s  made t o  bake o u t  t h e  switch capsu le s  a n d / o r  f i l l  them 
w i t h  hydrogen i n  a n . a t t e m p t  t o  reduce contaminat ion of t h e  mercury 
and t h e  c o n t a c t  s u r f a c e s .  As would be expec ted ,  p r o g r e s s i v e  
o x i d a t i o n  of t h e  mercury d r o p l e t  was appa ren t  du r ing  a l l  tests of 
such s w i t c h e s ,  p a r t i c u l a r l y  when t h e  swi tch  became h e a t e d  o r  when 
a p a r t i c u l a r  swi t ch  des ign  e x h i b i t e d  c o n s i d e r a b l e  a rc ing .  Typi- 
c a l l y  t h e  o x i d a t i o n  of t h e  d r o p l e t  du r ing  t e s t i n g  i n  an a i r  
atmosphere made it necessa ry  t o  l i m i t  t h e  d u r a t i o n  of  such tests 
t o  about  f i v e  minutes ,  a f t e r  which it w a s  necessa ry  t o  c l e a n  t h e  
s w i t c h  e l e c t r o d e s  and r e p l a c e  t h e  ox id ized  d r o p l e t  of mercury. 

C e r t a i n  c h a r a c t e r i s t i c s  were common t o  a l l  of t h e  conf ig-  
u r a t i o n s  which w e r e  t e s t e d  o r  considered concep tua l ly :  

F a b r i c a t i o n  of t h e  t es t  swi tches  w a s  a major t a sk  even 

As mentioned p r e v i o u s l y  , no 

1) The maximum frequency a t t a i n a b l e  w i t h  t h e s e  t y p e s  
of swi t ches  v a r i e s  i n v e r s e l y  wi th  t h e  volume of 
mercury which i s  c y c l i c a l l y  d i sp l aced .  On t h e  o t h e r  
hand, t h e  cu r ren t - ca r ry ing  c a p a c i t y  of t h e  swi t ches  
dec reases  as t h e  volume of mercury i s  made smaller. 
Experimental  models of va r ious  swi t ch  c o n f i g u r a t i o n s  
w e r e  ope rab le  i n  t h e  range from 15 t o  1 0 0 0  cps  b u t  
t h e  swi t ches  which could perform i n  t h e  2 0 0  t o  1 0 0 0  
cps  range used b a l l s  of mercury on t h e  o r d e r  of 1 mm 
i n  d i ame te r  and were g e n e r a l l y  low-current  d e v i c e s ,  
e.g. 0,s t o  2.0 amps. 
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2 )  

3 )  

4) 

Since  h igh  frequency ope ra t ion  (above 1 5  cps)  d i c t a t e s  
p h y s i c a l l y  s m a l l  swi tches ,  h e a t i n g  of t h e  s w i t c h  is  t o  
be expec ted  a t  h igh  c u r r e n t  l e v e l s .  Heat s i n k i n g  
t echn iques  appear  necessary  on h igh-cur ren t  , "high- 
frequency" swi tches .  
Pronounced resonance effects  are encountered w i t h  t h e s e  
swi t ches ,  s i n c e  they  involve c y c l i c  movements of s m a l l  
g lobu le s  of mercury which behave i n  an "elastic" f a s h i o n  
under  t h e  effects of s u r f a c e  t ens ion .  Although t h e  
v a r i o u s  tes t  swi t ches  could be o p e r a t e d  a t  f r e q u e n c i e s  
o t h e r  t h a n  t h e i r  n a t u r a l  r e sonan t  f r e q u e n c i e s  , d r i v i n g  
power, i .e.,  the  power requiPed t o  c y c l e  t h e  swi tch  on 
and o f f ,  i s  always found t o  be s i g n i f i c a n t l y  less a t  o r  
n e a r  a n a t u r a l  resonant  frequency. 

Using mercury g lobu les  having volumes e q u a l  t o  o r  less 
t h a n  t h a t  of a sphe re  having a d i ame te r  of 3 m i l l i m e t e r s ,  
no d i f f i c u l t i e s  w e r e  encountered i n  any of t h e  test  swi t ches  
w i t h  t h e  mercury g lobu le  n o t  remaining i n t a c t ,  i.e. n o t  
f ragmenting,  du r ing  any modes of swi t ch  ope ra t ion .  However, 
i n  a p p l i c a t i o n s  which would r e q u i r e  t h e  swi tch  t o  be-oper- 
a t e d  whi le  s u b j e c t e d  t o  e x t e r n a l l y  imposed h igh  l e v e l s  of 
shock and v i b r a t i o n ,  the p o s s i b i l i t y  of f ragmenta t ion  of 
t h e  s m a l l  mercury d r o p l e t  a p p a r e n t l y  would be a ser ious 
problem. 

Racetrack Congiguration 

F igu re  2 d e p i c t s  a l iqu id-meta l  swi t ch  i n  which t he  mercury 
d r o p l e t  i s  cyc led  cont inuous ly  around a s h o r t  c losed  p a t h ,  and 
which w i l l  be r e f e r r e d  t o  h e r e a f t e r  as t h e  " r a c e t r a c k  configura-  
t i o n " .  E lec t romagnet ic  forces , as p r e v i o u s l y  d i scussed ,  d r i v e  t h e  
mercury around t h e  t r a c k ,  and i n e r t i a l  forces ,  du r ing  t h e  t r a v e r s -  
i n g  of t h e  curved p o r t i o n s  of t h e  p a t h ,  cause t h e  i n t e r r u p t i o n  of 
t h e  c u r r e n t  p a t h  f r o m  t h e  i n n e r  t o  t h e  o u t e r  e l e c t r o d e  (shaded i n  
F igure  2). 
swi tch  performance ob ta ined  du r ing  t h e  f e a s i b i l i t y  s t u d y ,  and i t s  
c h a r a c t e r i s t i c s  and l i m i t a t i o n s ,  as d e s c r i b e d  i n  t h i s  s e c t i o n ,  are 
g e n e r a l l y  i l l u s t r a t i v e  of t h e  c h a r a c t e r i s t i c s  and l i m i t a t i o n s  which 
are i n h e r e n t  i n  t h e  b a s i c  e l ec t romagne t i ca l ly -ac tua ted  l i qu id -me ta l  
swi t ch  concept.  

I t  w a s  t h i s  conf igu ra t ion  t h a t  provided  t h e  b e s t  l i q u i d -  

The swi t ch  of Figure 2 i s  opera ted  i n  a magnet ic  f i e l d  such  
t h a t  t h e  d i r e c t i o n  of t h e  f i e l d  would be i n t o  ( o r  o u t  o f )  t h e  
pape r  i n  F igure  2 ;  i . e . ,  pe rpend icu la r  t o  t h e  d i r e c t i o n  of  t h e  
c u r r e n t  f l o w  which i s  from t h e  i n n e r  e l e c t r o d e  (shaded i n  F igure  2) 
t o  t h e  o u t e r  e l e c t r o d e  ( a l s o  shaded).  According t o  Equat ion 1 
t h i s  c u r r e n t  p e r p e n d i c u l a r  t o  t h e  f i e l d  causes an e l e c t r o m a g n e t i c  
force t o  act  on t h e  mercury d r o p l e t ,  and it i s  t h i s  f o r c e  which 
d r i v e s  t h e  d r o p l e t  around t h e  t r a c k .  

I 
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/ Mercury Sphere Mercury Sphere 
P o s i t i o n  1 P o s i t i o n  2 

Figure  2 - Magnet ic - Iner t ia l  L iquid  Metal Switch 

The l a r g e  s u r f a c e  t e n s i o n  of the  s m a l l  mercury d r o p l e t  is 
used t o  good advantage i n  t h e  switch o f  F igu re  2, While t h e  
d r o p l e t  i s  i n  the s t r a i g h t  p o r t i o n  of t h e  p a t h ,  it tr ies t o  assume 
a n e a r l y  s p h e r i c a l  shape ( t e n d s  t o  minimize i t s  s u r f a c e  area) , and 
t h e r e f o r e  s imul taneous ly  p r e s s e s  a g a i n s t  t h e  i n n e r  and o u t e r  elec- 
t r o d e s .  
p o s i t i o n  1 i n  F igure  2. 

This  s i t u a t i o n  i s  i l l u s t r a t e d  by t h e  mercury d r o p l e t  i n  

However, as t h e  r a p i d l y  moving mercury d r o p l e t  e n t e r s  a 
curved p o r t i o n  of t h e  t rack,  it w i l l  be  deformed by t h e  i n e r t i a l  
forces which suddenly begin  t o  act  upon it. The r e s u l t  i s  t h a t  t h e  
d r o p l e t  becomes somewhat f l a t t e n e d  a g a i n s t  t h e  o u t e r  e l e c t r o d e  and 
no  l o n g e r  makes c o n t a c t  w i th  t h e  i n n e r  e l e c t r o d e .  This  i s  de= 
p i c t e d  by t h e  d r o p l e t  shown i n  p o s i t i o n  2 of Figure 2.  

Thus, t h e  "on" t i m e  of t h e  swi tch  corresponds roughly t o  t h e  
l e n g t h  of t i m e  r e q u i r e d  f o r  t h e  d r o p l e t  t o  t r a v e l  t h e  l e n g t h  of a 
s t r a i g h t  p o r t i o n  of t h e  swi tch  and t h e  "off" t i m e  corresponds 
roughly t o  t h e  l e n g t h  of t i m e  r equ i r ed  t o  t r a v e l  t h e  l e n g t h  of a 
curved p o r t i o n .  The swi t ch  of F i g u r e  2 t u r n s  on and off t w i c e  f o r  
each  time t h e  d r o p l e t  makes a complete cyc le .  The speed of t h e  
d r o p l e t ,  and t h e r e f o r e  t h e  frequency o f  swi t ch ing ,  i s  d i r e c t l y  
dependent upon t h e  magnitude of  t h e  c u r r e n t  th rough t h e  swi t ch  and,  
t h e r e f o r e ,  v a r i e s  w i t h  load.  

I 
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Actua l ly ,  a f t e r  t h e  d r o p l e t  l eaves  a curved p o r t i o n  of t h e  
track and a m a h  enters z s t m i g h t  p r t i ~ n ,  z finite pried of 
t i m e  i s  r e q u i r e d  f o r  sur face- tens ion  forces t o  cause t h e  d r o p l e t  
t o  r e g a i n  t h e  more s p h e r i c a l  shape which w i l l  aga in  allow it t o  
c o n t a c t  t h e  i n n e r  and t h e  o u t e r  e l e c t r o d e  s imultaneously.  The 
l a r g e r  t h e  d r o p l e t  and t h e  t r a c k  dimensions, t h e  longe r  w i l l  be 
t h i s  l a g  t i m e  o r  t i m e  r e q u i r e d  f o r  t h e  d r o p l e t  t o  aga in  contact 
both  e l e c t r o d e s  a f t e r  emerging f l a t t e n e d  from a curved po r t ion .  
It i s  t h i s  phenomenon which d i c t a t e s  t h e  frequency l i m i t s  f o r  a 
p a r t i c u l a r  swi tch  design. Also, i t  is  t h i s  phenomenon which 
causes  t h e  c o n f l i c t  between t h e  design o b j e c t i v e s  of high-frequency 
o p e r a t i o n  and t h e  design o b j e c t i v e s  of l a r g e  c u r r e n t  c a r r y i n g  
capac i ty .  The l a r g e r  t h e  mercury d r o p l e t ,  t h e  less e f f e c t i v e  and 
fas t  a c t i n g  are t h e  s u r f a c e  t ens ion  effects which are necessa ry  
i n  c o n t r o l l i n g  t h e  shape o f  t h e  d r o p l e t  du r ing  t h e  c y c l i c  oper- 
a t i o n  of t h e  s w i t c h .  

-F> 

I n  o r d e r  t o  i n c r e a s e  t h e  cur ren t -car ry ing  c a p a b i l i t y  of 
such a swi tch  wi thout  s a c r i f i c i n g  i n  o p e r a t i n g  frequency,  i f  is  
necessary  t o  o p e r a t e  s e v e r a l  s m a l l  u n i t s  i n  p a r a l l e l  r a t h e r  t han  
t o  a t t empt  t o  use  a s i n g l e  l a r g e r  switch.  
are made t o  be very n e a r l y  i d e n t i c a l  i n  c o n s t r u c t i o n ,  it i s  found 
t h a t  t hey  t e n d  t o  synchronize i n  t h e i r  swi t ch ing  so as t o  g ive  
t h e  e x t e r n a l  e lec t r ica l  c h a r a c t e d s t i c s  of  a s i n g l e  switch.  This 
may be i l l u s t r a t e d  by cons ide r ing  t w o  race t r a c k  swi tches  o p e r a t i n g  
i n  p a r a l l e l .  
i t s  pa th  wh i l e  t h e  d r o p l e t  of the o t h e r  swi t ch  i s  s t i l l  i n  a 
s t r a i g h t  po r t ion .  When t h e  cu r ren t  pa th  through t h e  f irst  swi tch  
i s  i n t e r r u p t e d ,  t h e  c u r r e n t  through t h e  second swi tch  i s  suddenly 
i n c r e a s e d ,  and t h e  d r o p l e t  of t h e  second swi tch  w i l l  have a h i g h e r  
average c u r r e n t  and a r e s u l t i n g  h ighe r  v e l o c i t y .  U l t ima te ly ,  t he re -  
fore ,  t h e  d r o p l e t s  of p a r a l l e l e d  switches w i l l  o p e r a t e  e i t h e r  i n  
phase o r  180° o u t  of  phase with each other .  

I f  t h e s e  p a r a l l e l  u n i t s  

Suppose one d r o p l e t  reaches t h e  curved p o r t i o n  of 

F igure  3 shows a photograph of a test  model of a r a c e t r a c k -  
c o n f i g u r a t i o n  mercury switch.  This swi tch  has  t h e  dimensions 
i n d i c a t e d  i n  Figure 2 .  The mercury d r o p l e t  has  a volume approxi- 
mately e q u a l  t o  t h a t  of sphere  w i t h  a 2 . 0  mm. d iameter ,  and i n  
Figure 3 t h i s  d r o p l e t  can be seen i n  one of t h e  s t r a i g h t  p a r t s  of  
i t s  t r a c k .  

Figure 4 shows a t y p i c a l  waveshape of t h e  cu r ren t  f l o w  
through t h e  swi tch  of Figure 3 dur ing  ope ra t ion .  The optimum 
c y c l i c  f requency f o r  t h i s  s w i t c h ,  determined i n  large p a r t  by 
r e sonan t  effects r e s u l t i n g  from t h e  su r face - t ens ion  r e s t o r i n g  
forces, w a s  approximately 30 cyc les  p e r  second ( c p s ) .  Above and 
below t h i s  f requency,  swi tch ing  became p r o g r e s s i v e l y  more erratic. 
The waveform of Figure 4 shows t h e  o p e r a t i o n  of t h i s  swi tch  a t  
30  cps and, even a t  t h i s  n a t u r a l  f requency,  cons ide rab le  n o i s e  
can be seen i n  t h e  c u r r e n t  waveform. This  is  caused p r i m a r i l y  by t h e  
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F i g u r e  3 - Pho tograph  of t h e  T e s t  Model of t h e  
Race-Track C o n f i g u r a t i o n .  

F i g u r e  4 - A T y p i c a l  Waveform of t h e  C u r r e n t  Through t h e  
Mercury S w i t c h  Shown i n  Fip;ure 3 ;  t h e  E r r a t i c  
P o r t i o n s  of t h e  lJaveform A r e  t h e  OIJ I n t e r v a l .  

Vertical  S c a l e :  1 a m ? / d i v i s i o n  
H o r i z o n t a l  S c a l e  : 2 0  m i l l i s e c / d i v i s i o n  
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dynamic behavior  of t h e  mercury d r o p l e t  as it t r a v e l s  a t  a ra te  of 
about  90 cen t ime te r s  p e r  second around t h e  t r a c k  and i s  a l t e r n a t e l y  
f l a t t e n e d  by i n e r t i a l  f o r c e s  and then  allowed t o  aga in  assume a 
more n e a r l y  s p h e r i c a l  shape, Using a s t r o b o t a c ,  t h i s  d r o p l e t  w a s  
observed t o  have many superimposed modes of motion. This  tu rbu-  
l ence  a long  w i t h  d i r t  and i r r e g u l a r i t i e s  i n  t he  surface of t h e  
e l e c t r o d e s  causes  t h e  e lec t r ica l  c o n t a c t  du r ing  t h e  conduct ing i n -  
t e r v a l s  t o  be somewhat errat ic .  

This model w a s  ope ra t ed  w i t h  a r e s i s t i v e  l o a d  cont inuous ly  
f o r  f o u r  hours  unsea led  i n  an a i r  atmosphere - cons iderably  longer 
than  had been achieved w i t h  other t y p e s  of c o n f i g u r a t i o n s .  Grad- 
u a l l y ,  du r ing  each tes t ,  t h e  s u r f a c e  of the  mercury sphere and t h e  
c o n t a c t  areas of the electrodes became contaminated and operation 
ceased. As has p rev ious ly  been mentioned, it is  expec ted  tha t  
w i t h  p rope r  faci l i t ies  such a switch could be baked o u t  and s e a l e d  
i n  a hydrogen atmosphere and t h a t ,  by doing t h i s  and us ing  h i g h l y  
pure  mercury, such a s w i t c h  could be made t o  o p e r a t e  f o r  reasonably  
long  p e r i o d s  of t i m e .  Ultimate l i m i t s  on t h e  l i f e  time of such a 
switch are d i f f i c u l t  t o  estimate ; p a s t  expe r i ence  wi th  convent iona l  
mercury switches is of l i t t l e  guidance because t h e s e  convent iona l  
switches are mechanical ly  actuated and o r d i n a r i l y  are employed a t  
r e l a t i v e l y  h igh  v o l t a g e  l e v e l s .  However, it would not  be expec ted  
t h a t  t h e s e  switches would become compet i t ive  w i t h  low-voltage 
swi t ch ing  transistors i n s o f a r  as l i f e t i m e  and r e l i a b i l i t y  are con- 
cerned. 

A modi f i ca t ion  of t h i s  basic des ign ,  shown i n  F igure  5 ,  
e l i m i n a t e s  s e v e r a l  of t h e  disadvantages of t h i s  switch.  The i m -  
proved ve r s ion  uses  a c i r c u l a r  racetrack, 
mercury-sphere v e l o c i t y ,  and has a h i g h e r  
which can be made independent of t h e  load  

o p e r a t e s  a t  a lower 
frequency of ope ra t  i o n  
c u r r e n t  . 
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Figure 5 - Load Independent Liquid-Metal Switch. 



This  swi tch  uses  a s e p a r a t e  c u r r e n t  pa th  f o r  t h e  load  and 
c o n t r o l  c u r r e n t s .  The control c i r a z i t  is e s s e n t i a l l y  t h e  s m e  as 
t h e  p rev ious  c o n f i g u r a t i o n ,  excep t  t h a t  t h e  v e l o c i t y  of t h e  sphere  
i s  such as t o  allow cont inuous c o n t a c t  wi th  t h e  electrodes- This 
means t h e  c u r r e n t  i s  c o n s t a n t ,  the f o r c e  on t h e  sphere i s  c o n s t a n t ,  
and consequent ly  i t s  v e l o c i t y  i s  cons t an t -  The c o n t r o l  c u r r e n t  can 
a l so  be a d j u s t e d  t o  reduce t h e  " turbulence" of t h e  motion. 

Swi tch ing  i s  accomplished by us ing  many a d d i t i o n a l  e l e c t r o d e s  
(c ross -ha tched  in Figure  5 1 perpend icu la r  t o  t h e  cont inuous con- 
t r o l  e l e c t r o d e s .  The load  c u r r e n t  p a s s i n g  through t h e s e  e l e c t r o d e s  
i s  a l t e r n a t e l y  i n t e r r u p t e d  as t h e  mercury sphe re  makes and b reaks  
c o n t a c t  w i t h  t h e s e  e l e c t r o d e s .  Furthermore t h e  load  c u r r e n t  p a s s e s  
through t h e  mercury sphere  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  magnetic 
f i e l d ,  and from Equation (1) t h e  fo rce  on t h e  sphere  i s  zero.  Con- 
s e q u e n t l y ,  t h e  frequency of t h e  switch i s  completely independent  of 
t h e  load  c u r r e n t  and i s  determined by t h e  s i z e  and spac ing  of t h e  
swi t ch ing  e l e c t r o d e s  once t h e  cons t an t  f requency fo r  a 
p a r t i c u l a r  sphere  s i z e  has  been e s t a b l i s h e d .  The mul t i - swi tch ing  
e l e c t r o d e s  are adap tab le  t o  va r ious  w i r i n g  schemes i n c l u d i n g  mul t i -  
phase o p e r a t i o n ,  

I 

Figure  6 - Converter  C i r c u i t  Using Liquid-Metal Switch 
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Figure  6 shows a very s imple d-c t o  d-c c o n v e r t e r  i n  which 
a racetrack-configuration l iqu id-meta l  switch "as successfully 
t e s t e d .  B r i e f l y  t h i s  c i r c u i t  ope ra t e s  as fol lows.  As t h e  mercury 
d r o p l e t  t r a v e r s e s  a s t r a i g h t  po r t ion  of i t s  p a t h ,  t h e  swi tch  i s  
made conduct ing and c u r r e n t  flows from t h e  b a t t e r y  through wind- 
i n g  N1 on t h e  i n d u c t o r  and through the  switch.  Diode D1 is  re- 
v e r s e  b i a s e d  and energy i s  s t o r e d  i n  t h e  induc to r .  Then when t h e  
d r o p l e t  e n t e r s  a curved p o r t i o n  of i t s  p a t h ,  t h e  swi tch  becomes 
nanconducting. The magnetomotive f o r c e  on t h e  core of t h e  i n d u c t o r  
cannot be d i scon t inuous ,  so, when the  swi tch  opens,  c u r r e n t  sudden-ly 
begins  t o  f l o w  through windings N1 and N 2  i n  series and through D1 
t o  c a p a c i t o r  C1 and t h e  load  RLo The winding on t h e  i n d u c t o r  i s  
tapped as i n d i c a t e d  because it w a s  d e s i r e d  t o  provide  a v o l t a g e  
s tep-up from approximately 1 v o l t  a t  t h e  source  t o  approximately 
28 v o l t s  a t  t h e  load  w i t h o u t  r e q u i r i n g  t h e  mercury swi t ch  t o  block 
m o r e  t h a n  twice t h e  supply v o l t a g e  i n  t h e  nonconducting s ta te .  
Tes t ing  of t h i s  c o n v e r t e r  w a s  confined t o  a mere demonstrat ion of 
t h e  fact t h a t  t h e  r ace t r ack -conf igu ra t ion  mercury swi tch  could ,  i n  
fac t ,  be used i n  a s imple c i r c u i t  f o r  accomplishing a r e l a t i v e l y  
l a r g e  vo l t age  step-up, 

CONCLUSIONS 

This  i n v e s t i g a t i o n  w a s  undertaken a t  a t i m e  when it w a s  
u n c e r t a i n  as t o  whether or n o t  s u i t a b l e  low-voltage t r a n s i s t o r s  
would be developed f o r  use i n  very-low-input-voltage conver te rs .  
The object of  t h i s  s tudy  w a s  t o  i n v e s t i g a t e  i n  a p re l imina ry  
manner t h e  f e a s i b i l i t y  of des igning  and b u i l d i n g  l iqu id-meta l  
swi t ch ing  elements  which would have u t i l i t y  as t h e  low-voltage 
h igh -cu r ren t  swi tch  necessary  i n  low-input-voltage conve r t e r s  . 
This  s tudy  w a s  concerned wi th  an examination of t h e  t e c h n i c a l  
f e a s i b i l i t y  of such elements  r a t h e r  than  w i t h  c o n s t r u c t i n g  u s a b l e  
d e v i c e s ,  and no investment  w a s  made i n  t h e  s p e c i a l  purpose equip- 
ment which would be necessary  t o  c o n s t r u c t  a h igh  performance 
pro to type .  The conclus ions  which have been reached are n o t  favor-  
a b l e ,  a l though it has  been demonstrated t h a t  such switches can be 
c o n s t r u c t e d  and, i n  fact ,  ope ra t ed  i n  conve r t e r s .  

The f o u r  primary d isadvantages  of t h i s  s w i t c h ,  i n s o f a r  as 
aerospace  uses  are concerned are: (1) I t  has s e v e r e  f requency 
l i m i t a t i o n s  which make it unsu i t ed  f o r  making p o s s i b l e  l i gh twe igh t  
c o n v e r t e r s ,  ( 2 )  It r e q u i r e s  a magnetic f i e l d  f o r  i t s  o p e r a t i o n  and 
t h i s  i m p l i e s  added weight ,  ( 3 )  It  i s  s u b j e c t  t o  e r r a t i c  o p e r a t i o n  
du r ing  p e r i o d s  of h igh  shock and v i b r a t i o n ,  and (4) Because it 
must be s e a l e d  i n  o r d e r  t o  be opera ted  i n  a vacumm and because of 
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chemical  effects invo lv ing  h e a t i n g ,  a r c i n g ,  d e t e r i o r a t i o n  and 
contaminat ion of t h e  mercury and t h e  s w i t c h  e l e c t r o d e s ,  t h e  l i fe -  
t i m e  and r e l i a b i l i t y  of such an element probably can n o t  be made 
compe t i t i ve  w i t h  t ha t  of a t r a n s i s t o r .  

However, t h i s  t ype  of swi tch ing  element does of fe r  some 
characteristics which are q u i t e  d i f f e r e n t  from those. of transis- 
tors .  One of these characterist ics i s  i ts  i n s e n s i t i v i t y  t o  
r a d i a t i o n .  
i n  a 3 O O O C  environment. 

A l s o ,  it should  be p o s s i b l e  t o  o p e r a t e  such a switch 

I n  c e r t a i n  s i t u a t i o n s ,  a low swi tch ing  frequency and r e l a t i v e l y  
s h o r t  l ifetime might n o t  be of c r i t i c a l  s i g n i f i c a n c e .  For  example, 
as f u e l  cells begin  t o  be used commercially, it might be p o s s i b l e  
t h a t  an inexpens ive  e le  ct romagne ti cal ly-  d r iven  l i q u i  d-met a1 s w i t  ch 
would f i n d  cons ide rab le  u t i l i t y .  

It  h a s  been sugges ted  also t h a t  t he  p r i n c i p l e s  involved  i n  
t h e  l i qu id -me ta l  swi t ch  might be app l i ed  t o  a re-settable c i r c u i t  
b r e a k e r  f o r  use i n  s p a c e c r a f t .  Ce r t a in ly  such a c i r c u i t  breaker 
i s  feasible i n s o f a r  as e lectr ical  ope ra t ion  i s  concerned. 
t h e  n e c e s s i t y  f o r  t h e  magnetic f i e l d  w i t h  associated weight prob- 
l e m s  and t h e  formidable  materials p r o b l e m s  which must be i n v e s t i -  
ga t ed  i n  order  t o  a s s u r e  long-term r e l i a b i l i t y  of such a c i r c u i t  
breaker are d i scourag ing  cons ide ra t ions .  A l s o ,  such a c i r c u i t  
b r e a k e r  would be s u b j e c t  t o  ine r t i a l  forces and p o s s i b l e  malfunc- 
t i o n  therefrom. 

However, 

I t  i s  n o t  recommended t h a t  work on the  l iqu id-meta l  swi t ch  
be pursued any f u r t h e r .  No f u r t h e r  work i s  planned a t  Duke. If 
unforeseen s p e c i a l  needs should  arise at  some f u t u r e  t i m e  which 
would i n d i c a t e  a need f o r  a usab le  device i n c o r p o r a t i n g  t h e s e  
p r i n c i p l e s ,  it i s  sugges ted  t h a t  t h e  group which under takes  t h i s  
t a s k  be a group which i s  p r i m a r i l y  materials o r i e n t e d .  The prob- 
l e m s  of  materials and f a b r i c a t i o n  and of a s s u r i n g  long  lifetimes 
are the  primary problems which might block s u c c e s s f u l  a p p l i c a t i o n  
of these p r i n c i p l e s  t o  a s p e c i a l i z e d  t a s k .  
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ABSTRACT 

Many of t h e  newer dev ices  f o r  conve r t ing  h e a t ,  l i g h t ,  and 
chemical  energy t o  e lectr ical  energy are c h a r a c t e r i z e d  by a very  
l o w  v o l t a g e s  d i r e c t - c u r r e n t  ou tput .  

c o n d i t i o n i n g  systems t o  be used w i t h  such sources  i s  a swi t ch  con- 
s i s t i n g  of s u i t a b l e  c o n t a c t s  w i t h i n  a s m a l l  e n c l o s u r e  i n  which a 
l i q u i d  m e t a l  such as mercury i s  c y c l i c a l l y  d i s p l a c e d  so as t o  
a l t e r n a t e l y  open and close t h e  c u r r e n t  p a t h  between c e r t a i n  con- 
tacts. Such a s w i t c h  can be a c t u a t e d  e l e c t r o m a g n e t i c a l l y ,  i.e. 
wi thou t  dependance on g r a v i t a t i o n a l  o r  i n e r t i a l  forces o r  upon 
movements of t h e  s w i t c h  c o n t a i n e r ,  by s u b j e c t i n g  t h e  swi t ch  t o  a 
magnet ic  f i e l d  and depending on the  forces r e s u l t i n g  f r o m  c u r r e n t s  
through t h e  l i q u i d  m e t a l  t o  produce t h e  d e s i r e d  movements of t h e  

l i q u i d  m e t a l  w i t h i n  t h e  swi tch  cav i ty .  

t ype  of s w i t c h i n g  element.  Various c o n f i g u r a t i o n s  and o p e r a t i n g  
p r i n c i p l e s  have been explored  and such a switch has  been ope ra t ed  
i n  a d-c t o  d-c c o n v e r t e r ,  The p r i n c i p a l  d i f f i c u l t i e s  wi th  t h i s  
t y p e  of s w i t c h i n g  element  would appear  t o  be i t s  r a the r  l o w  optimum 
frequency of o p e r a t i o n  (on t h e  o r d e r  of 100 c y c l e s  p e r  second) ,  and 
t h e  tho rny  materials problems a s s o c i a t e d  w i t h  ach iev ing  adequate  
o p e r a t i n g  lifetimes and r e l i a b i l i t y .  

One p o s s i b l e  t y p e  of low-voltage swi t ch ing  element f o r  power 

This  r e p o r t  concerns a l i m i t e d  f e a s i b i l i t y  s tudy  of t h i s  


